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ABSTRACT
In an attempt to obtain the maximum properties in low density (4.50 gm/cc)
ferrous sinterings tested in compression, various compositions and heat treatments
were investigated. A plot of compressive strength vs. ductility was made for
various heat treatments to allow a selection of individual combinations of proper-
ties. Graphite additions to the iron powder, as compared to gas and pack car-
burizing, produced the best combination of properties. Some types of graphite
were found to be definitely superior to others. Additions of MoO3 to the powder
mix resulted in an iron-molybdenum alloy with both improved hardenability and
strength. Increasing the density markedly increased the mechanical properties,
and therefore comparisons were made at an essentially constant density to be
meaningful. Increasing the density was also found to decrease the per cent of the
porosity that was continuous.
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I. INTRODUCTION
The powder metallurgy process as used in this
investigation involves the compacting of suitable
metal powders in a die of the desired dimensions fol-
lowed by heating (sintering) at elevated tempera-
tures to produce a coherent mass.
Among the many advantages of this process is
its ability to produce large numbers of parts to very
close tolerances automatically, thus reducing to a
minimum the need for machining and further opera-
tions. Another advantage results from the inherent
porosity present in the sintered compacts (sinter-
ings). This porosity can be used as an oil reservoir
when the material is used for bearings, or for the
transmission of fluids in other operations such as
filtering or transpiration cooling.
In general, industry has concentrated on reduc-
ing the amount of porosity to a minimum, thereby
assuring maximum ductility and strength proper-
ties. However, in some of the new applications of
the powder metallurgy process it has become neces-
sary to increase the porosity in order to increase
the amount of reservoir volume. In such work,
however, the actual amount of the porosity is not
nearly as important as is the amount of the porosity
that is continuous or interconnected. This intercon-
nected porosity is capable of being completely filled
with an irpregnant of some kind or may be used
to conduct materials through the structure. Many
artificial means have been used in an attempt to
increase the amount of interconnecting porosity.
Among these is the use of a decomposable material
mixed with the metal powder which expands upon
heating to leave an increased amount of intercon-
nected pores. Another method is to use a coarse
powder of a relatively narrow size distribution to
eliminate the fines which would normally collect
between the larger particles and reduce the number
of interconnecting pores.
The purpose of this investigation was to deter-
mine the effect of heat treatment, chemistry, po-
rosity, and methods of carbon addition on the
mechanical properties and the continuous porosity
of low density iron base sinterings. It was hoped
that this study would lead to a knowledge of the
conditions which would give the optimum me-
chanical properties. The only properties measured
in this study are yield strength, ultimate strength,
and ductility as determined by compression tests.
The term "properties" may be taken in all cases to
refer to these characteristics. The study of the
variables was planned on an individual basis with
comparisons being made in the summary of the
discussion.
Since for a majority of industrial applications
strength is the most desired property of a powder
metallurgy part, there are very few investigations
listed in the literature which have used densities as
low as 4.60 gm/cc. for ferrous specimens. In gen-
eral 5.50 gm/cc. appears to be the lower limit for
industrial applications. This is a result of the
effect of porosity on the properties of the material.
J. W. Young"c * has shown that whereas the tensile
strength is roughly proportional to the density ratio
(density of part/theoretical density) other proper-
ties such as elongation, reduction in area, and im-
pact strength show an abrupt improvement at a
"threshold" density ratio of about 97%.
In the field of porous ferrous materials, work has
been done in the area of transpiration cooled tur-
bine blades ('2 as well as for the production of air-
craft de-icers. (3) P. Duwez and H. E. Martens (' 4
have carried out some investigations in low porosity
regions, but the porosity was artificially produced
and the methods of testing obtained data of little
value to this investigation.
Due to the absence in the literature of data on
low density iron base compacts, this investigation
was guided by the basic principles of metallurgy
such as the theory of sintering, the action of car-
burizing atmospheres, and the practices of normal
ferrous metallography. While a knowledge of basic
ferrous metallography is assumed, it might be of
interest to review the recent theories of sintering
and atmospheres as applied to this investigation.
Sintering, the mechanism by which solid bodies
are bonded by atomic forces through the applica-
tion of pressure and/or heat, represents a funda-
*Superscript numbers in parenthesis refer to References Cited.
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mental process in powder metallurgy."' Although
there are many conditions under which sintering
takes place, this discussion will be limited to con-
ditions met in this work.
The bond which is observed between two sin-
tered particles is an atomic one as exists in solid
metals. It results from the interaction of the co-
hesive and repulsive forces associated with the indi-
vidual atoms. While these forces are present at
room temperature as well as at sintering tempera-
tures, the improved plasticity and increased atomic
movement at the elevated temperatures allows the
rapid formation of bonds between particles. After
compaction, these bonds are just the width of the
contact points present. During sintering, however,
the bonding areas increase in width and the dimen-
sions of the specimen usually change. This indi-
cates that during the sintering process, forces are
acting which result in the rearrangement of atoms
with the resulting change in pore size and/or
volume.
There are generally four accepted mechanisms
of accomplishing this atom movement, although
there is lack of agreement as to which mechanism
is the most important except under specific con-
trolled experiments.' 6 )  These mechanisms are
(1) vaporization and condensation, (2) surface dif-
fusion, (3) volume diffusion, and (4) bulk plastic
flow. The first two account for change in pore
shape, while the latter two give rise to pore shrink-
age.
Vaporization and condensation is the least im-
portant mechanism except in cases where high vapor
pressure materials are present. Its occurrence is
explained by the fact that a pore will decrease the
energy associated with its surface if it can decrease
its surface area. This driving force results in the
tendency for atoms to vaporize at a greater rate
from large radii (concave) regions and condense at
a greater rate in regions of small radii. The result
is a transportation of material which results in the
spheriodization of the pore.
Surface diffusion results from high energy re-
gions in areas of sharp radii producing vacancy
gradients along the pore surface. This net flux of
atoms or vacancies results in the elimination of
these sharp radii high energy regions and the pro-
duction of spherical pores with decreased energies.
A vacancy gradient is also established in the
volume diffusion mechanism. In this process the
vacancies move from a pore to other pores (of
larger size), to grain boundaries, or to the free sur-
face. The result is a shift in the size distribution
of the pores to large pores with a continuous de-
crease in total pore volume.
The surface energy acting in the interstices be-
tween contacting particle surface areas creates
stresses of considerable magnitude. If the tempera-
ture is high enough that these stresses exceed the
elastic strength of the metal, a bulk flow of the
material will take place until these stresses arc re-
lieved. This flow of metal from the adjacent con-
tact surface into a crevice or cavity produces new
sinter bonds and a decrease in the pore volume.
The rates of all four mechanisms are dependent
upon the sintering temperature. The first three
mechanisms depend upon atomic movements and
diffusion, which are favored by high sintering tem-
peratures that increase atomic motion. Bulk flow,
also favored by high temperatures, depends upon
the elastic strength of the material, which is re-
duced by the temperature to a point where flow
can occur.
While sintering with a liquid phase represents
another method of atom migration, it was not used
intentionally in this investigation. However, with
either the use of MoO, or the presence of localized
high carbon regions (above 2.0%), at temperatures
greater than 2066' F. the presence of a liquid is pos-
sible. Its effect is to greatly increase the rate of
pore spheriodization, since the liquid's surface ten-
sion tends to decrease surface area in the same
manner as discussed above.
In this investigation many problems arose in
the production and maintenance of suitable atmos-
pheres for protecting specimens against carbon loss
or gain and oxidation, for carburization, and, in
some cases, for selective decarburization. Surface
protection was a special problem with these porous
materials which have a large external and internal
surface area. While in many operations a slight
surface decarburization can be tolerated, this same
decarburization acting across the small particle
dimensions could result in complete decarburization
of a low density specimen.
Five of the atmospheres that are used in the
sintering of ferrous parts are: (1) vacuum, (2) dry
hydrogen or hydrogen plus nitrogen, (3) pack car-
burizing, (4) charcoal and (5) a carbon bearing
gas. There is little to be said about vacuum treat-
ments: this "atmosphere" is assumed to be com-
pletely neutral. Its major limitation is the equip-
ment and time required to obtain and maintain a
suitable vacuum over a range of temperatures.
I. INTRODUCTION
Hydrogen has a tendency to decarburize whether
dry or wet, but the action is greatly accelerated by
the presence of a small amount of water vapor.
The three remaining atmospheres result in the
addition or maintenance of a carbon content. Two
general equations represent the important reactions
related to the addition of carbon to the specimens.
These are: (1) 2CO ;CO 2 + C and (2) CH, =
2H, + C. Although these reactions hold for car-
burizing treatments, there are many side reactions
which affect this equilibrium and the resulting car-
burizing action. The result is a "carbon pressure"' 7 )
which is characteristic of the atmosphere as well as
of the chemical composition of the steel being
treated. A carburizing atmosphere has a positive
"carbon pressure," while a decarburizing atmos-
phere has a negative "carbon pressure." The pack
carburization involves a solid carburizing agent
which generates a high CO:CO, ratio. This ratio
varies with the nature of the carburizer as well as
with the temperature. An energizer is added,
usually BaCO3, which increases the activity of the
carburizing agent. For protection during austenitiz-
ing treatments plain charcoal may be used, which
will produce only a small increase in carbon content
during low temperature, short time treatments.
This report contains all material covered in the
Quarterly Progress Reports 1, 2, 3, and 4, as well as
all subsequent work up to January 1, 1959. Mate-
rial covered in the Progress Reports is essentially
unchanged except to reduce duplication and to
rectify certain experimental points which were
found to be in error.
In this investigation, heat treatment, chemistry,
porosity, and methods of carbon addition were
studied separately. The comparison of the proper-
ties obtained by these separate studies is made in
the Summary. Since many combinations of strength
and ductility were obtained, it became necessary
to have some method of comparison which took
into consideration these differences. This was
accomplished by plotting the yield strength versus
the ductility from the compression test. The result-
ing curves allow easy and meaningful evaluation of
the variables over a wide range or properties.
II. MATERIALS AND EQUIPMENT
A. METAL POWDER USED
The powder used, Pyron's Niagra -80 +150
mesh reduced mill scale, was recommended by F.
Zaleski of Frankford Arsenal as one which has
satisfactorily produced compacts of the desired
density and continuous porosity. Some of the prin-
cipal characteristics of the powder are given in
Table 1.
Before compacting, the powder was passed
through a 60-mesh screen to remove foreign mate-
rial and mixed with 1% sterotex for lubrication
during compacting.
B. HEAT TREATING EQUIPMENT
Four furnaces were used in this study. Two of
these had tubular muffles which permitted the main-
tenance of controlled atmospheres. The one having
Globar heating units and a 11/s-inch I. D. quartz
muffle had a maximum temperature of 24000 F.,
while the other, having a Kanthal heating element
and a 2-inch I. D. muffle, was limited to a top tem-
perature of 21000 F. Lower temperature sintering
and austenitizing treatments were carried out in a
box type furnace with the specimens protected by
charcoal packing in stainless steel pots. Most tem-
pering treatments were carried out in a circulating
air tempering furnace.
The atmospheres and protective coverings will
be given in the discussion of the specific heat treat-
ments listed.
Table 1
Characteristics of Pyron's Niagra
Chemical Analysis
Total Iron
Carbon
Sulfur
Phosphorus
Manganese
Acid Insoluble
Hydrogen Loss
Compaction Characteristics
Powder Flow in
Hall Flow Meter
Apparent Powder
Density
Screen Analysis
Mesh Size Fraction %
+ 80 0.15
- 80 +100 11.45
-100 +140 82.60
-140 +200 5.10
-200 +230 0.20
-230 +325 0.15
-325 ... 0.45
Iron Powder
Range (%)
97.5- 98.25
0.015-0.022
0.005
0,012
0.25- 0.45
0.20- 0.45
0.70- 1.20
28.6 seconds
2.58 gm/cc.
Accumulative %
0.15
11.60
94.10
99.20
99.40
99.55
100.00
III. METHODS AND PROCEDURES
A. COMPACTING TECHNIQUE
The specimens were compacted w
presses in simple dies of 0.252- ar
diameters. Spacer blocks were used
compacting and removed during fina
to obtain two way compression. A len
ter ratio of 2:1 was selected, giving
(1-inch and 1-inch lengths) tha
throughout the study.
The following sample weights an
pressures were selected and mainta
throughout most of this project.
Diam. Weight Corn-
(in.) (gm.) pacting
Pressure
(psi)
0.252 1.85 24,000
0.505 15.10 23,000
Com-
pacting
Force
(lbs.)
1200
4600
I(I
The number of compacts used in a set for a
given heat treatment was 4 for the 0.505-inch
diameter specimen and 6 for the 0.252-inch diame-
ter specimen. One of these specimens was set aside
for porosity and metallographic study, and the
rest of the specimens were tested to destruction for
mechanical properties.
B. METHODS OF TESTING
1. Compression Test
A majority of the specimens were tested in com-
pression. This test was carried out with a compres-
sion jig in a Riehle testing machine. Trouble was
encountered in the form of scatter and lowered
strengths when no compression jig was used to in-
sure uniaxial loading.
All the compression data, including a plot of
load versus head movement, were recorded auto-
matically. Figure 1 shows samples of these curves
for various conditions of heat treatment. Curves la,
Ib, and Ic are for martensite, tempered martensite,
and air cooled specimens respectively. Curve Id
shows the reproducibility that is obtained within a
given set. Three separate pieces of information are
taken from these curves in the manner shown in
Curve Ic.
It was observed that the ultimate strength of
the specimens did not show a monatonic change
ith laboratory with a corresponding change in heat treatment
nd 0.505-inch variable as did the yield strength and ductility.
during initial This was thought to be a result of the method of
al compacting testing, since in compression the ultimate strength
igth to diame- is a measure of the load-carrying ability of the
the two sizes specimen and not necessarily its point of failure.
t were used The relationship of these points varies with
the ductility of the specimen. The result is that the
d compacting ultimate strength is not a simple function of the
ined constant heat treatment variable. A more realistic trend in
properties was obtained when the yield strength for
a 5% off-set was used. This was selected since it
Green Po- corresponded to a reproducible portion of the curve
Density rosity
gm/cc) (%) and covered a majority of the specimens broken.
However, in some cases, e.g. martensitic specimens,
4.60 41.5 failure occurred before 5% deformation was ob-
tained. In these cases, the stress at failure was used.
2. Transverse Breaking Test
The compression test worked satisfactorily on
specimens containing carbon. However, when very
vz
o
00,
at
·b
9
Decrease in length, inches
Figure I. Typical compression data curves
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Figure 2. Transverse loading jig (full size)
little or no carbon was present, no failure was ob-
served and the yield strength values were quite
insensitive to the variable being studied. A method
of testing with increased sensitivity was therefore
necessary. This was obtained by constructing a
transverse-loading jig which broke the specimens
by supporting them on two fixed pivots spaced 3·
inch apart and applying a load at the midpoint
of the top as shown in Figure 2. The maximum
load which caused a tensile failure was recorded in
pounds.
3. Continuous Porosity Test
In selecting the technique for this test, the
MPA standards were followed. ( ' It was assumed
that the specimens were perfect cylinders, which
allowed the density and amount of total porosity
to be calculated. The specimens were then filled
with oil of 200 seconds Saybolt viscosity (100' F.)
by the recommended vacuum-pressure technique.
The increase in weight due to the oil was converted
to volume by considering the density of the oil.
From this data, the ratio of the continuous porosity
to the total porosity (CP/TP) could be calculated.
C. METALLOGRAPHIC EXAMINATION
In examining the specimens metallographically,
the problem of polishing these high porosity struc-
tures without flow became apparent. Initial exam-
ination of a specimen showed no detectable flow in
the structure, but there was a marked absence of
porosity. The problem was to find some material
which would fill the pores and harden without
shrinkage. Normal mounting bakelite had too high
a viscosity to fill all the pores, though some pene-
tration was obtained. Carnauba wax was finally
used. The wax was hard at room temperature and
became fluid at relatively low temperatures (158-
212° F.). Specimens were mounted in bakelite, then
heated in the melted wax, evacuated, pressurized,
and cooled back to room temperature. The speci-
mens were then polished by normal methods. This
wax treatment greatly shortened the polishing pro-
cedure. Another advantage of filling the pores was
that it reduced the occurrence of staining during
etching. Figures 3 and 4 show the polished struc-
ture with and without wax.
7,'
Figure 3. Photomicrograph: specimen showing flowed structure
(200x; unetched)
Figure 4. Photomicrograph: specimen filled with wax showing true
pore distribution (200x; unetched)
,446^*
IV. RESULTS AND DISCUSSION
A. STUDY OF CONSTANT DENSITY PACK
CARBURIZED SINTERINGS
1. Introduction
In the study of properties of low density iron
compacts it was initially found necessary to hold
constant many variables such as green density, sin-
tering conditions, and methods of carbon addition.
With these conditions constant as a starting point,
a systematic evaluation of the possible heat treat-
ments could be carried out.
Since no carburizing gas atmospheres were ini-
tially available and the high temperature tube fur-
naces were still being constructed, pack carburizing
was the only practical method of carbon addition.
A constant green density of 4.60 gm/cc was
chosen since this gave a large amount of porosity
(41.5%), and the specimens still had sufficient
green strength for easy handling.
2. Evaluation of Suitable Sintering Times
It is well known that the properties of sintered
compacts depend upon both the time and the tem-
perature of the sintering treatment, as well as the
atmosphere present. In our case, the maximum
temperature was already fixed by the furnaces
available and the method of producing a protective
atmosphere was consequently limited to pack car-
burizing. Therefore, it was only possible to vary
the time of sintering and study its effects upon the
properties of the specimens. Periods of 11/2, 3, 6,
and 12 hours* were used and the results obtained
are given in Figure 5.
As would be expected, the rate of increase in
strength and ductility decreases with an increase in
sintering time. Due to this and also the incon-
venience of a 12-hour treatment, the 6-hour treat-
ment was chosen as a standard.
A study of the microstructures of the pack
carburized specimens was made in the hope of
finding one with a uniform carbon distribution
across the specimen. Even with the large amount
of porosity present in the specimens, it was im-
*This is the total time in the furnace. It was found that %V hour
was required for the specimens to reach temperature.
possible to obtain a uniform carbon content with
pack carburizing under these conditions. The center
of the specimens, however, did show some carbon
pick-up.
The effect of the specimen size was also noted:
a much more uniform case and a much higher aver-
age carbon content was being obtained with the
smaller specimens. The effect of this higher carbon
content will be seen later in the higher properties
of the smaller specimens.
3. Evaluation of Continuously Cooled
Non-Martensitic Specimens
The simplest treatment that could be given the
specimens after sintering consisted of cooling the
specimens in the pot, in air. It was found that
Ioo Ultimate strength
^ --- ------------ --------
2040
Yield strength
Decrease in length
STotal porosity
20
Sintering time, hours
Figure 5. The effect of pack carburizing time on the properties
of '/2-inch diameter specimens
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average cooling rate for specimens given this treat-
ment (to be called "Jominy cooling" from here on)
was found to be 80 F'/min between 1472° F. and
11120 F. This rate resulted in an improvement in
the microstructure as shown in Figure 8. It is seen
here that even the faster cooling rate gives some
carbides at grain boundaries as a result of the
hyper-eutectoid case.
The results of testing both size specimens given
these different treatments are shown below.
Air Coo
Figure 6. Photomicrograph: coarse carbides at grain boundaries
(200x; nital etch)
the average cooling rate between 14720 F. and
11120 F. was 50 F"/min. (This type of cooling will
be called "air cooling" from here on.) An exami-
nation of the microstructure (Figure 6) showed a
large amount of coarse carbides at the grain bound-
aries near the surface, which resulted from the
slow cooling and high carbon case. At higher mag-
nification (Figure 7), this structure was seen to be
abnormal (divorced pearlite). This was a result of
the low hardenability of the material and the slow
cooling rate.
In general, a structure of this type has a rela-
tively poor combination of properties, so a more
rapid method of cooling was devised. An existing
Jominy end-quench apparatus was modified to hold
the carburizing pots and cool them with a water
stream directed against the bottom of the pot. The
Figure 7. Photomicrograph: structures showing abnormality
(600x; nital etch)
Diameter (inches) 0.505
Compressive
Strength (psi) 85,800
Yield
Strength (psi) 29,000
Change in
Height (%) 44.6
Ratio of Continuous
Porosity to Total
Porosity (CP/TP) (%) 92.3
led Jominy Cooled
0.252 0.505 0.252
106,800
36,000
85,800 122,800
29,000 44,400
37.9 45.2 41.9
87.5 92.3 87.5
It was interesting to note the increase in
strength and ductility that were obtained with the
0.252-inch diameter specimen given the Jominy
cooling. This was a result of their higher carbon
content, which caused a greater sensitivity to the
cooling rate. Due to the large mass of the carburiz-
ing pot in comparison to the size of the specimens,
both size specimens were assumed to have the same
cooling rate under these conditions.
Although only small changes in properties were
obtained as a result of different cooling rates on the
1
-inch diameter specimens, some further work was
carried out with faster rates. In this work the
specimens were limited to the 1 -inch diameter
Figure 8. Photomicrograph: fine carbides produced by faster
cooling rate (200x; nital etch)
IV. RESULTS AND DISCUSSION
Table 2
Effect of Cooling Rate between 14720 F. and 11120 F.
on the Properties of 2-inch Diameter Specimens.
(99% Fe, 1% Sterotex)
Charcoal protection
/
Figure 9. Cooling jig
size. In most cases, the initial heat treatment con-
sisted of pack carburizing for 6 hours at 19500 F.,
air cooling, and austenitizing at 16000 F.* They
were then continuously cooled at the various rates.
One of the fastest rates studied (450 Fo/min
* A study of the correct time and temperature for austenitizing re-
vealed that 16000 F. (a rather high temperature for this treatment)
was necessary to take all the carbides into solution as a result of the
large carbon gradient which exists in the specimens. At this high tem-
perature 1/2 hour was found to be sufficient for complete austenitization.
Heat Treatment
(
A. Pack carburized 6 hr. at
19500 F., air cooled.
B. Pack carburized 6 hr. at
19500 F., air cooled, aus-
tenitized at 16000 F.,
air cooled.
C. Pack carburized 6 hr. at
19500 F., Jominy cooled.
D. Pack carburized 6 hr. at
19500 F., air cooled, aus-
tenitized at 16000 F.,
(H 2 +N- atoms.), cooledin cold zone.
E. Pack carburized 6 hr. at
19500 F., air cooled, aus-
tenitized at 16000 F.,
Jominy quenched.
F. Specimen E, tempered
at 6000 F.
G. Specimen E, tempered
at 9000 F.
H. Specimen E, tempered
at 12000 F.
1. Gas carburized 6 hr. at
19500 F. (0.70 % C).*
J. Specimen I, austenitized
at 16000 F., Jominy
cooled.
K. Gas carburized 6 hr. at
19500 F. (0.54% C).*
L. Specimen K, austenitized
at 16000 F., Jominy
cooled.
M. Pack carburized 6 hr. at
19500 F., air cooled in
pot, austenitized at 16000
F., quenched in 4000
F. oil.
N. Pack carburized 6 hr. at
19500 F., air cooled,
austenitized at 16000 F.,
quenched in 4000 F. oil.
Tempered at 6000 F. in
vacuum.
O. Pack carburized 6 hr. at
19500 F., air cooled,
austenitized at 16000 F.,
quenched in boiling H 20.
P. Pack carburized 6 hr. at
19500 F., air cooled, aus-
tenitized at 16000 F., water
quenched, tempered at
6000 F. in vacuum.
Q. Pack carburized 6 hr. at
19500 F., air cooled, aus-
tenitized at 16000 F., water
quenched, tempered at
12000 F. in vacuum.
Cooling Ultimate
Rate Strength
F°/min) (psi)
50 85,800
Decrease
in Length
(%)
44.6
Yield
Strength
(psi)
29,000
72,500 36.4 31,300
64,200 32.0 32,500
78,800 36.6 33,100
450 85,000
88,000
98,800
102,100
96,000
35,000
35,000
28,800
24,600
27,900
80 92,500 45.0 25,600
101,000 61.2 20,000
* Carbon analysis of sintered specimens.
86,300 48.0 22,500
70,800 17.3 58,500
89,200 37.5 50,200
77,800 40.5 36,250
80,200 38.0 45,800
88,800 45.0 31,300
between 1472° F. and 11120 F.) was obtained
through the use of a cooling jig (Figure 9). Speci-
mens were austenitized in this jig and then cooled
in a water spray similar to the Jominy cooling
method previously used and discussed. To differ-
entiate, cooling in this new jig will be referred to
as "Jominy quenching." As indicated in Table
2 (specimen E compared with specimens A through
D), an improvement was obtained in the yield
strength. Because a metallographic examination
revealed some martensite, the tempering treatment
was carried out. The results are far from outstand-
Specimen locations\
I- ~ -- -
I I
I I
I I
I I
I I
I I
L - L__J
Water sprayed surface -
I I
II
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Figure 10. Quenching jig apparatus
ing, better combinations of properties being pro-
duced by the simpler treatments.
Some results obtained with uniform carbon
specimens are also given in Table 2 (specimens I
through L). This study will be discussed in
another section.
Specimen D was austenitized in the large tube
furnace with an intermediate cooling rate being ob-
tained in the cold zone (250 F°/min between
1472° F. and 11120 F.). However, some decarburi-
zation was present and the specimens should there-
fore not be compared on a direct basis. These
specimens will be discussed more fully in a later
section.
In another attempt to produce a fine structure
without martensite, a hot oil quench was used.
However, specimen M shows low ductility which
was the result of some martensite present at the
surface. When this structure was tempered (speci-
men N), a large improvement in properties was
obtained. A boiling water quench was also used
(specimen O) which produced a slower cooling rate
than the hot oil with the resulting increase in duc-
tility and decrease in yield strength.
For comparison, the quench and tempered speci-
mens P and Q are included in Table 2.
4. Evaluation of Quenched
and Tempered Specimens
The first problem encountered in this study was
that of obtaining a fully martensitic structure. By
reducing the thermal conductivity, the large amount
of porosity in the specimens worked against the
efforts to produce the maximum cooling rate. It
was found possible to obtain a fully martensitic
structure in the 1/-inch diameter specimens. How-
ever, the size of the larger specimens, together with
their lower carbon content at the center, increased
the difficulty of achieving a fully martensitic struc-
ture. In an attempt to get the maximum cooling
rate, a quenching jig (Figure 10) was built. It con-
sisted of a vertical 2-inch diameter pipe to carry
the stream of water. A funnel was placed at the
opening so that the specimens were continuously
agitated and tumbled in the water by the change
in pressure caused by this increase in diameter.
Even with the use of this jig it was found impos-
sible to produce a fully martensitic structure in the
large specimens.
In the first part of this work, the heat treat-
ments were held constant (pack carburized 6 hours
at 1950° F. and water quenched) except for the
method of tempering, which was varied and evalu-
ated.
For tempering, the temperatures 300, 600, 900,
and 1200' F. for a time of 2 hours were chosen. The
initial method selected for tempering involved the
use of a circulating air tempering furnace for 300,
600, and 900' F., and a lead pot for 12000 F. to
reduce oxidation. The 12000 F. specimens were
pre-tempered in the circulating air furnace to reduce
the danger of cracking when immersed in molten
lead. These results are shown in Figure 11. Metal-
lographic examination of the specimens tempered
at 9000 F. (Figure 12) shows an extreme amount
of internal oxidation which accounts for the drop
in ductility at 9000 F. One interesting fact noted
from this oxidation was its effect in increasing the
yield strengths of the compacts while decreasing the
ductility until a failure similar to that of a mar-
tensitic specimen was obtained.
To get around this oxidizing action, tempering
in lead (or lead-bismuth) was used with better
results, although metallographic examination of the
12000 F.-tempered compacts showed some internal
oxide.
At this point it was desired to know what the
properties of the tempered compacts were without
oxidation. One way of tempering without forming
o 300 600 900 i/ru In addition to the 1 2-inch diameter specimen
Tempering temp, deg F data shown here, 1/-inch diameter specimens were
Figure II. The effect of tempering on the properties of 1/2-inch also studied with similar results being obtained as
diameter specimens pack carburized 6 hours at 19500 F.
a nd watnr nche expected.
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Figure 12. Photomicrograph: internal oxidation (400x; unetchedl
internal oxide is to carry out the operation in a
vacuum. This was done by sealing the sets of speci-
mens in vycor tubes at a pressure of 10- 5 mm. of
Hg. The results of tempering specimens in the
capsules can be seen in Figure 11.
One other method was tried: packing the speci-
mens in ground charcoal and then tempering them.
However, as can be seen from the data in Figure 11,
little protection was afforded by the charcoal below
the temperature of 1200° F.
The results with molten metal and charcoal sug-
gest a combination of tempering techniques. Mol-
ten metals could be used at the lower temperatures
(300, 600, and 900° F.) where oxidation in the melt
is not a serious problem, while at 12000 F. effec-
tive protection could be obtained with a charcoal
packing. In general, the specimens tempered in a
vacuum showed the best combination of properties,
although the molten baths at low temperatures and
charcoal at high temperatures seemed to give
almost equivalent protection.
Initially only the average values of the data
were plotted on the graphs, but in trying to deter-
mine the actual significance of the curves, it was
found helpful to show the variations obtained in
the data. These are shown for the 1/-inch diameter
specimens. On the graphs of Figure 11 the points
are shifted slightly from the exact temperature for
clarity. It should be noted that the values of the
ultimate strength are quite erratic and do not seem
to follow a trend.
I
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- - - - * Water quenched
- - - Air cooled, austenit/zed at 1600F water quenched
* Jominy cooled, austenitized at 1600F water quenched
K~a
600
~N~K
300
/201
a
a
a
a
-a
a,
Tempering temp, deg F
Figure 13. The effect of initial treatment on the properties of specimens pack carburized 6 hours at 1950° F. and tempered in vacuum
(1/2 -inch diameter specimens on left, '/ 4 -inch diameter specimens on right)
"""
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0 300 600 900 /200 11 ) V Y
Tempering temp, deg F lead pick-up in the porous compacts caused by the
decrease in pressure in the pores of the compact
Figure 14. Effect of oil quenching on the properties of specimens
pack carburized 6 hours at 19500 F. and tempered in vacuum during cooling.
Metallographic study showed that some trans-
formation took place before the bath temperature
The tempering conditions were held constant was reached. Lead pick-up was a problem, espe-
(vacuum treated) and the heat treatments were cially with the large specimens, but the oxide which
varied as follows: 1) direct water quench from forms in tranferring the specimens from the aus-
1950° F., 2) air cooled in carburizing pot, austeni- tenitizing furnace to the lead pots tended to reduce
tized at 1600' F., and water quenched, and 3) its occurrence. This oxide seemed to have no effect
Jominy cooled, austenitized at 16000 F., and water upon the oil pick-up in the porosity check, although
quenched. Neglecting the variations in the ultimate it might have been detrimental if impregnation
strength curve, all the heat treatments gave ap- with other materials had been tried.
proximately the same properties (see Figure 13). Extreme scatter was obtained in the results of
As a result of their shorter length, the 1/-inch tests of specimens which were isothermally trans-
diameter specimens show a larger amount of scatter formed. Some specimens even showed no failure,
than the longer specimens. This error is due in part which was the result of decarburization in the lead
to the limited accuracy of the elongation measure- bath. However, in isolated cases in which the above
ments for these smaller specimens, as well as to the problems were not present, some very desirable
decreased cross-sectional area which result in a combinations of properties were obtained. These
greater inherent error in the calculation of the were the result of the fine pearlitic or bainitic struc-
stresses. The lower yield and ultimate strength for tures present.
the 1 2-inch diameter specimens which were water In view of the difficulties with oxide and lead
quenched directly from 19500 F. may result from pick-up, this area of study was dropped.
0:
1 1 · ·I n I 1 · 1 ·
microcracks produced as a result ot the residual
stresses built up during the quenching. The /4-inch
diameter specimens do not show this effect since the
stresses built up are much less. Some later work
with oil quenched specimens showed an improve-
ment in strength and ductility.
In an effort to check on the possibility that
microcracks were present in the martensite (caus-
ing low strength and ductility), oil quenching was
tried with the results shown in Figure 14. Little
difference in properties was noted with the 1/-inch
diameter specimens, which were fully martensitic;
with the larger specimens, a lower strength and
greater ductility was obtained due to the decreased
amount of martensite formed. Later work with
larger specimens showed some improvement in
properties obtained with less drastic quenching.
These specimens contained molybdenum, which im-
proved their hardenability and produced completely
martensitic structures with the slower cooling rates.
5. Evaluation of Isothermal Transformations
After observing the properties produced by con-
tinuous cooling, the effect of isothermal transfor-
mation was studied. The execution of such a
treatment immediately posed two problems: (1) the
difficulty of cooling the specimen to the desired
e-Ptnnnratulre fofst Onnouh l and cl ( h nnhe hihbiitr nf
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Figure 15. Effect of sintered density on the properties of 1/2-inch diameter specimens
6. Evaluation of the Effect of Porosity
As a result of the different heat treatments em-
ployed in this investigation the sintered densities
varied considerably, even though the green densities
were held relatively constant at 4.60 gm/cc. A
question about the validity of comparing the prop-
erties of compacts with different densities therefore
arose, since many of the improvements obtained at
longer sintering times might well be attributed to
the increased density. Therefore a study of the
effect of porosity on strength and ductility was
made to determine the sensitivity of these proper-
ties to a change in density.
The compacts studied were made from the
standard mix of 99% iron plus 1% sterotex. Two
heat treatments were used: 1) 3 hours at 21000 F.
in H2 with the specimens being broken in the trans-
verse breaking jig, and 2) pack carburized 6 hours
at 19500 F. and air cooled with the specimens tested
in compression. A check of the effect of density on
the continuous porosity and the ratio of continuous
to total porosity was also made on the pack car-
burized specimens. The results obtained are given
in Figure 15.
In order to effect better evaluations of properties
and heat treatments, one curve in Figure 15 is used
as a "standard curve." The ratio of properties ob-
tained with a given heat treatment to the proper-
ties obtained at the same sintered density on the
"standard curve" is used as a further guide in de-
termining the effectiveness of a heat treatment
and/or addition agents. For convenience this ratio
is called the Density Factor. As an example, if a
certain heat treatment is used which results in a
x
-0:
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c
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r
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Table 3
Summary of Properties Obtained with Corresponding Density Factor
(99% Fe, 1% Sterotex)
Heat Treatment Ultimate
Strength
(psi)
A. Gas carburized 6 hr. at 96,000
19500 F. (0.70% C).** 1 .2*
B. Gas carburized 6 hr. at 101,000
19500 F. (0.54% C).** 1.42
C. Pack carburized 6 hr. at 85,750
1950° F., air cooled. 1.00
D. Pack carburized 6 hr. at
19500 F., air cooled,
austenitized at 16000 F., 70,800
oil quenched in 4000 F. oil. 0.90
E. Pack carburized 6 hr. at
19500 F., air cooled,
austenitized at 16000 F.,
oil quenched in 400° F. oil, 89,200
tempered at 6000 F. in vacuum. 1.19
F. Pack carburized 6 hr. at
19500 F., air cooled,
austenitized at 16000 F., 77,800
quenched in boiling II20. 0.98
G. Pack carburized 6 hr. at
19500 F., water quenched,
tempered at 6000 F. in 71,500
vacuum. 0.74
H. Pack carburized 6 hr. at
19500 F., water quenched,
tempered at 12000 F. in 96,700
vacuum. 1.22
*Density Factors in italics.
**Carbon analysis of sintered specimens.
Decrease
in Length
(%)
56.6
1.42
61.2
yield strength of 35,000 psi. and a density of 4.80,
and the yield strength given by the standard curve
for this density is 30,000 psi., the Density Factor
would be 35,000/30,000 or 1.17.
Some of the heat treatments and properties ob-
tained are listed in Table 3 with their corresponding
Density Factors.
7. Evaluation of Controlled Decarburization
Much of the work so far in this investigation
concerned pack carburized specimens which had
a high carbon case. In order to determine if this
case was detrimental to desirable mechanical prop-
erties, a study of the effect of removing this case
was made. The method used to achieve a uniform
decarburization was to austenitize the specimen at
1600° F. in a hydrogen-nitrogen atmosphere, and
then use wet hydrogen for a short length of time
before the specimens were pushed into the cold
zone to cool. The total time at 16000 F. was 40
minutes. By this method any amount of decarburi-
zation could be obtained by varying the time the
specimens were in the wet hydrogen.
One of the first things noted was the effect of
the relatively rapid cooling rate of the cold zone.
As compared to the treatment before decarburiza-
tion, specimens B, F, and J (Table 4) show a de-
crease in ductility and an increase in yield strength
as a result of the increased cooling rate. Within a
given series of specimens, e.g., A to E, the effect of
the decarburizing treatment is to decrease the yield
Yield
Strength
(psi)
27,875
0.98
20,000
Table 4
Effect of Decarburization
Diameter Specimens
Heat Treatment
A. Gas carburized 6 hr. at
19500 F. (0.54% C).*
on the Properties of 1/2 -inch
(99% Fe, 1% Sterotex)
Ultimate
Strength
(psi)
101,000
101,900
107,500
No failure
96,000
96,900
103,800
No failure
85,800
78,800
90,600
94,400
No failure
* Carbon analysis of sintered specimens in parentheses.
Note: All 16000 F. treatments were for a total time of 40 minutes;time not in wet H2 was in dry (Hz+Ns) atmosphere.
strength and increase the ductility. Some differ-
ences in the rate at which the properties change
(set A to E compared with I to M) are the result of
the initial carbon content as well as the distribution
of the carbon. Although not as large an increase in
ductility was obtained as was expected, the effect of
controlled decarburization might be more pro-
nounced if a test other than the compression test
was used. For example, the specimens might show
a marked advantage in impact strength.
B. STUDY OF TIME-TEMPERATURE RELATIONSHIPS
FOR SINTERING IN A HYDROGEN ATMOSPHERE
As a preliminary to high temperature gas
carburizing-sintering treatments, the sintering
characteristics of low density iron compacts in dry
hydrogen (-60° F. dew point) were studied. The
apparatus used to dry the gas is shown in Figure 16.
Since no carbon was present in the specimens, the
transverse breaking jig was employed. Along with
the strength of the compacts, the change in density
as a function of time and temperature was also
studied. The initial green density of the compacts
was 4.60 gm/cc. The data obtained are given in
Figures 17 to 19. It can be seen that at a given
temperature the rate of sintering is initially high at
shorter times and then decreases at longer times
in an almost logarithmic manner, as would be
expected. At a constant time, an increase in tem-
Decrease
in Length
(%)
61.2
Yield
Strength
(psi)
20,000
52.4 21,900
54.3 20,600
20,000
56.6 27,900
50.1 23,800
53.0 21,300
20,400
44.6 29,000
36.6 33,100
42.3 30,600
47.5 28,100
21,000
1." 0.71 B. Specimen A, austenitized
44.6 29,000 at 16000 F.
1.00 1.00 C. Specimen B, 3 min. at
1600° F. in wet H2
17. 5 00 D. Specimen B, 6 min. at
17.3 58,500 16000 F. in wet H2.
0.42 198 E. Gas carburized 6 hr. at
19500 F. (0.70% C).
F. Specimen E, austenitized
37.5 50,200 at 1600° F.
0.93 1.73 G. Specimen F, 3 min. at
16000 F. in wet H2.
H. Specimen F, 6 min. at
40.5 36,250 1600° F. in wet Hz.
0.98 1.22 I. Pack carburized 6 hr. at
19500 F., air cooled.
208 J. Specimen I, austenitized20.8 50,500 at 16000 F.
1.74 174 K. Specimen J, 3 min. at
16000 F. in wet H 2 .
45.3 29,500 L. Specimen J, 6 min. at
1.09 0.90 16000 F. in wet H 2.
M. Specimen J, 12 min. at
16000 F. in wet H 2.
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Figure 16. Diagram of gas drying equipment
perature increases the rate of sintering. The change
in density curves are plotted both isochronally and
isothermally, which shows the greatly increased
density that is brought about at the higher tempera-
ture.
is
C. STUDY OF MoO3 ADDITIONS ev
It has previously been seen that the harden- tili
ability of the specimens is insufficient to allow cor- mo
plete hardening of a 1/2-inch round specimen using ing
pack carburization as a method of carbon addition, be
A reference'(9 was found, which indicated that MoOs stu
/6
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Sintering time, hours
Figure 17. Effect of sintering time at constant temperatures
on transverse breaking strength of /2-inch diameter
specimens sintered in a hydrogen atmosphere
Sintering temp, deg F
Figure 18. Effect of sintering temperature at constant times
on the change in density of '/2-inch diameter
specimens sintered in hydrogen atmosphere
not a very efficient lubricant. The oxide is, how-
er, easily reduced and a large increase in the duc-
ty of specimens was credited to the presence of
lybdenum in the matrix and its effect on sinter-
Saction. MoO3 comes in a powder form and can
mixed with the iron powder before compaction. A
dy was carried out on the effect of MoOs (66%
/C
Sintering time, hours
Figure 19. Effect of sintering time at constant temperatures
on the change in density of I/2 -inch diameter
specimens sintered in hydrogen atmosphere
o *7
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Note.- Numbers denote sintered
density in gm per cc
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- - - Jominy quenched
* Sintered 3 hr at 21OOF in hydrogen atm
* Sintered /2 hr at 21OOF in hydrogen atm
* Sintered 3 hr at 2/OOF in hydrogen atm and
pack carburized 6 hr at 1950F
S intered /2 hr at 2/00F in hydrogen atm and
pack carburized 6 hr at 1950F
o Sintered 3 hr at 210OF in hydrogen atm, pock
carburized 6 hr at 1950F, and tempered at 600F
a Sintered 3 hr at 2/00F in hydrogen aom, pack
carburized 6 hr at /950F, and tempered at 1200F
(d) Decrease in length
3 0
MoOj added, per cent
Figure 20. Effect of MoOs on the properties of '/2-inch diameter specimens
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Table
Effect of Addition Agents on Chang
Specimens Sintered 3 hours at 210
Composition
(
1.0% sterotex, balance iron.
1.0% sterotex, 1.0% graphite,
balance iron.
1.0% sterotex, 1.0% MoO3
balance iron.
1.0% sterotex, 1.0% graphite,
1.0% MoOa, balance iron.
Mo) on the properties of
without carbon. The spec
tested in both the quenche
dition, while the carbon-fi
tested in the latter conditic
treatment in a hydrogen a
to reduce the MoOs, as wel
of the molybdenum in the
5 In a preliminary study of the effects of molyb-
ge in Density of /2-inch Diameter denum added to iron in this manner it was imme-
SF. in a Hydrogen Atmosphere diately noted that a greater sintering rate (change
Green Sintered Change
Density Density in Density in density) was obtained for a given heat treatment
gm/cc) (gm/cc) (%)
4.64 4.72 1.98 (see Table 5). The addition of 1% graphite with
4.70 4.77 0.64 the 1% MoOs gave a still larger increase in the rate
4.62 4.72 2.16 of sintering. A possible explanation for this is the
presence of a molten phase at 2100' F. caused by
4.71 503 6.79 interaction of carbon and molybdenum with iron,
which lowered the eutectic temperature.
compacts both with and The effect of MoOs on iron compacts can be seen
imens with carbon were in Figure 20a for two sintering times, namely 3
d and slowly cooled con- hours and 12 hours at 2100° F. in hydrogen. Both
ree specimens were only treatments showed a peak in transverse breaking
on. The 3-hour 21000 F. strength at less than 1.0% MoOs. The higher
tmosphere was employed strength of the 12-hour specimens is partially due
11 as to promote diffusion to the higher sintered density (4.85 as compared to
matrix. 4.77 gm/cc for the 3-hour treatment).
0 300 600 900 0 300 600 900 /200
Tempering temp, deg F
Figure 21. Effect of MoOs and tempering temperature on the properties of specimens
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/60
/40
/20
S/00
o
$60
40
20o
40
40
20
Sintered 3 hr at 210OF pock carburized
6 hr at /950F, water quenched, and tempered at /200F
- - - - Sntered 3 hr at 21OOF pack carburized
6 hr at /950F, air cooled, austeni/ized at /600F, water
- quenched, and tempered at /200F
Sintered 3 hr at 2100F pack carburized
6 hr at 1950F air cooled,
/ - austenitized at /600F, o/
- t __ _ _ quenched, and tempered
\ at 200F
- SI .
* Ultimate strength
* Yield strength
* Decrease in length
I~- E i-
- -j
Mo 03 added, per cent
Figure 22. Effect of MoOs additions on the properties of '/%-inch
diameter water and oil quenched specimens
When the above mentioned specimens are pack
carburized for 6 hours at 19500 F., similar results
are observed (Figure 20a) with the properties of the
3-hour specimens and 12-hour specimens peaking
at 0.5 and 1.0% MoO s, respectively. A check of
the microstructures of these molybdenum-
containing specimens (over 1% MoO3) showed a
partially martensitic structure was produced on air
cooling. Tempering at both 600 and 1200° F. gave
no improvement in properties. The compression
test properties are plotted in Figures 20b, 20c, and
20d. It was noted that while MoOs generally in-
creased the yield strength of the specimens, the
ductility value (per cent decrease in length) in-
creased with additions of MoO, of 0.5-1.0%, and
Table 6
Effect of 0.5% MoOa Additions on Properties of 1/2 -inch Diameter
Specimens. (Including Density Factors)
Heat Treatment
A. 3 hr. at 21000 F. (H2),
pack carburized 6 hours at
19500 F., water quenched,
tempered at 9000 F.
B. 1.0% graphite addition
3 hr. at 21000 F., pack
carburized 6 hr. at
19500 F., air cooled.
C. 3 hr. at 21000 F., pack
carburized 6 hr. at 19500 F.,
water quenched, tempered
at 12000 F.
D. Pack carburized 6 hr. at
19500 F., water quenched,
tempered at 12000 F.
E. Pack carburized 6 hr. at
19500 F., air cooled.
F. 3 hr. at 21000 F., pack
carburized 6 hr. at 19500 F.,
air cooled.
G. 3 hr. at 21000 F., pack
carburized 6 hr. at 19500 F.,
air cooled. (No MoO3)
* Density Factors in italics
Ultimate Decrease Yield
Strength in Length Strength
(psi) (%) (psi)
105,800 29.4 63,300
104,600 43.0 43,800
1.26* 1.01 1.44
124,200
1.44
81,700
1.09
77,900
1.04
104,600
1.26
91,000
1.13
46.3
1.08
42.2
1.05
40.7
1.01
43.0
1.01
39.5
0.95
46,400
1.30
31,700
1.09
30,400
1.05
43,800
1.44
34,800
1.16
decreased with larger additions. It was therefore
decided to standardize on the 0.5% MoOs addition
for the rest of the study. (Subsequent chemical
analysis of sintered specimens indicates 100% re-
covery of Mo. This assumes all the MoO3 has been
reduced.
Since MoO, increased the hardenability of the
specimens, water quenching from 1950° F. produced
a fully martenistic structure. The resulting proper-
ties after tempering are given in Figure 21. These
curves show a marked improvement in properties
with the addition of 0.5% MoOs. To determine
whether this improvement is the result of the
molybdenum in the matrix or just the completely
martensitic structure or both, the 1/-inch diameter
specimens which are normally martensitic without
molybdenum were studied (Figure 21). Note that
at the higher tempering temperature the mo-
lybdenum-containing specimens have a higher
yield strength and a slightly decreased ductility.
This indicates that although the greatest effect of
the molybdenum is to increase the hardenability, it
also gives an increase in the yield strength with a
decrease in ductility. This is actually the result of
an increase in the resistance to tempering imparted
by the molybdenum.
A study of the effect of MoOs was made for
martensitic specimens tempered at 12000 F. in H2
(Figure 22). The general effect of molybdenum is
to increase the yield strength and decrease the
ductility. The slightly better yield strength noted
for the oil quenched specimens was thought to be
the result of less cracking because of the less drastic
quench.
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The question now arose as to whether the initial
3-hour treatment at 21000 F. in hydrogen was nec-
essary to reduce the MoO, and increase homo-
geneity. Two sets of specimens containing 0.5%
MoO3 were pack carburized for 6 hours at 19500 F.
and then one was air cooled and the other was water
quenched and tempered at 1200° F. (specimens E
and D, Table 6). It is seen from the "density
factors" that little improvement is obtained over
the non-MoOQ treatments. A check of the combina-
tion treatment (3 hours at 2100° F. and pack car-
burized 6 hours at 19500 F.) shows a marked benefit
from the addition of MoO 3 ; the density factors for
specimen G (no MoO3 ) were U.S. 1.13, D.L. 0.95,
and Y.S. 1.16, while those for specimen F (0.5%
MoO 3) were U.S. 1.26, D.L. 1.01, and Y.S. 1.44.
From these data it can be concluded that MoOs is
a useful addition but requires a high temperature
and a strongly reducing atmosphere for maximum
effectiveness.
D. STUDY OF PRE-ALLOYED POWDER
Through the courtesy of the Vanadium-Alloys
Steel Company, some 4600-A pre-alloyed powder
was obtained which had the same -80 to +150
mesh size as the iron powder used throughout this
investigation. The analysis of this powder was
given as: 0.13% C, 0.29% Si, 0.79% Mn, 0.010% S,
0.012% P, 2.00% Ni, 0.26% Mo, remainder iron.
The main advantage of the powder was its high
hardenability and its principal disadvantage was
its low green strength. This low green strength was
a problem, especially when working at the low
densities required in this investigation. As a result
of this low green strength, handling of the com-
pacts was very difficult and it was impossible to
preserve the sharp square corners that were easily
obtained with the softer Pyron powder used in all
other parts of the investigation.
For evaluation tests a mixture of 99% 4600-A
powder and 1% sterotex was formed into 1/ 2-inch
diameter compacts having a green density of 4.60
gm/cc. The results of some work with these com-
pacts is given below.
Heat Treatment Ultimate
Strength
(psi)
Decrease
in Length
(%)
Yield
Strength
(psi)
1. Pack carburized 6 hr. at 86,300 41.4 24,400
19500 F., air cooled. (85,800)* (44.6) (29,000)
2. Pack carburized 6 hr. at
19500 F., water quenched, 67,500 27.9 37,000
tempered at 9000 F. (83,500)* (35.8) (40,000)
3. Pack carburized 6 hr. at
19500 F., water quenched, 102,900 45.1 26,700
tempered at 12000 F. (96,700)* (45.3) (29,500)
* Data for corresponding heat treatment with Pyron powder (1.0%
sterotex, 4.60 gm/co green density).
It may be noted that with the exception of the
higher ultimate strength shown for heat treatments
1 and 3, lower properties were obtained with the
alloyed powder. This was probably due to the poor
compaction as a result of the low pressures required
for these low density parts. Therefore the addition
of MoOa seems to be a much better method of in-
creasing the hardenability of the compacts.
E. STUDY OF THE VARIOUS METHODS
OF CARBON ADDITION
1. Pack Carburizing
Pack carburizing was used throughout much of
the investigation up to this point because of its
simplicity and availability. Later work indicated
that another method of carbon addition gave
superior properties but the information obtained
with pack carburizing was helpful in the evaluation
of various types of heat treatment.
2. Gas Carburizing
Since no method of producing a controlled car-
burizing atmosphere was available in the University
of Illinois laboratory, all gas carburizing was de-
pendent upon the helpfulness of the Lindberg Engi-
neering Co. of Chicago, Illinois, and upon the
Frankford Arsenal. Some of the preliminary results
obtained with this method of carbon addition are
given below.
Heat Treatment* Ultimate
Strength
(osil
Decrease
in Length('%)
Yield
Strength
(DSi)
A. Gas carburized 6 hr. at
19500 F. (0.54% C)** 101,000 61.2 20,000
B. Gas carburized 6 hr. at
19500 F. (0.74% C)** 96,000 56.6 27,900
C. Pack carburized 6 hr. at
19500 F. (included for
comparison) 85,800 44.6 29,000
D. Gas carburized 1 hr. at
21000 F. (0.16% C)** No failure .... 15,000
* Gas carburized specimens were cooled in carburizing atmosphere
while pack carburized specimens were air cooled.
** Carbon analysis after heat treatment.
It can be seen that the gas carburized specimens
(A, B, and D) characteristically have a more uni-
form carbon and have much greater ductility than
the pack carburized specimen (C) under otherwise
similar conditions of heat treatment. Figures 23
and 24 show a comparison of the carbon distribu-
tion obtained by these methods. With this in mind,
it was decided to study the effect of carbon content,
as well as to investigate methods of heat treatment
on uniform carbon structures.
Three initial average carbon contents, 0.46%,
0.60%, and approximately 0.20%, were obtained in
3-hour 21000 F. gas carburizing heat treatments.
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Figure 23. Photomicrograph: pack carburized specimen showing carbon distribution in case (right) and core (left). Dark areas
are pores, gray areas are pearlite, and light areas are ferrite in core and cementite in case (200x; nital etch)
A series of 0.5% MoOs containing specimens was
also run along with the initial treatments. The
specimens with 0.47% and 0.60% C were car-
burized by Lindberg and those with low carbon
(0.16% C without MoO, and 0.20% C with MoO s)
at the Frankford Arsenal. These specimens were
tested in the following conditions: 1) as received,
2) austenitized at 1600' F., water quenched, and
tempered at 900° F., 3) same as 2 but 1200° F.
temper, 4) austenitized at 1600° F. and cooled in
cold zone (250 F°/min), and 5) austenitized at
1600° F. and air cooled (50 F"/min). The results
of the compression tests are given in Figure 25.
The general effect of increasing the carbon con-
tent was to increase the yield strength while de-
creasing the ductility. The ultimate strength is
affected by the ductility in compression tests. Mo-
lybdenum increases the yield strength and de-
creases the ductility as observed in studies previ-
ously discussed.
3. Graphite Additions
Another method of carbon addition used com-
mercially is the addition of powdered graphite. The
fine graphite powder can be mixed with the metal
powder in the desired amounts, and, during sinter-
ing, the carbon will diffuse into the iron. However,
many problems were encountered in this investiga-
tion before a workable procedure was developed.
Initial work was carried out with hydrogen at-
mospheres which proved to be too decarburizing.
Even when using dry hydrogen, complete decarburi-
Figure 24. Photomicrograph: gas carburized specimen showing carbon distribution in case (right) and core (left). Dark areas
are pores, gray areas are pearlite, and light areas are ferrite in core and cementite in case. (200x; nital etch)
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All spec~imens sintered 3 hr at 2/COF h~ gas carburizing atmosphere
o*As received
Q * Austenitired at /600F; water quenched, and tempered at 900F
a * Austenit/ied at i600i. water quenched, and tempered at 1200F
A£Austenitized at /600F and zane coaled
vyAustenitized at t600F and air caated
o a  0.0% MaO3
* . . y0.5% Mao3
Carbon in per cent
Figure 25. Effect of carbon content on the properties of 7/2-inch diameter specimens
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IV. RESULTS AND DISCUSSION
Table 7
Types of Graphite Used in Investigation
Type Size Description
FG 100%- 4 4 p Flake Graphite
280 441 Crystalline Graphite
92 (unknown) Crystalline Graphite
(micronized)
200-09 5 Crystalline Graphite
97-98% C
8485 4 4. Crystalline Graphite
95-96% C
1651 2u Crystalline Graphite
(microcrystal) 96.5% C
zation was effected by the large amount of surface
which exists in a porous sintering. This problem
was eliminated by sintering in a covered graphite
boat in a hydrogen atmosphere.
A question arose concerning the amount of
graphite required to produce a given carbon con-
tent in the sinterings. The literature lists many
references to additions of 1.0% graphite which re-
sulted in eutectoid structures. (1 ', 1 This amount,
however, with the iron used in this investigation,
resulted in a sintering with little or no carbon
present. The problem was resolved when it was
found that 1.0% graphite additions were used on a
low hydrogen loss powder, e.g., electrolytically pro-
duced powder. The powder used in this study was
hydrogen reduced mill scale with a hydrogen loss
of from 0.7 to 1.2% with a 1.4% maximum. This
reflects the amount of reducible oxides present.
Since carbon or the atmosphere produced by the
reaction of the carbon with hydrogen is also a re-
ducing agent, much of the carbon was expended in
reducing the powder. It has been recently re-
ported"'2 that 34 of the hydrogen loss in per cent
is a good figure to use for the carbon consumption
in sintering powder. This would result in the loss of
roughly 0.55 to 0.90% C.
Finally, during a literature review of this area
of the investigation, it became apparent that the
type and size of graphite used is critical. Six types
of recommended grades of graphite were obtained
from several companies and a study was carried
out to determine the most effective type. Table 7
lists the types of graphite studied and their char-
acteristics.
The amount of graphite added was kept con-
stant at 1.5%. This resulted in a structure contain-
ing approximately 0.5% C or a mixed ferrite-
pearlite structure in which the changes in combined
carbon due to the type graphite would be more
readily detectable than with an eutectoid structure.
The sintering conditions were held constant: a 3-
hour treatment at 2050° F. in a graphite boat. The
Table 8
Effect of Type of Graphite on Properties of Specimens
Heat Treatment: 3 hours at 20500 F., 1.5% Graphite added
A. Preliminary Study
Type of Ultimate Decrease
Graphite Strength in Length
(psi) (%)
FG 106,700 37.7
280 88,800 37.0
92 99,600 37.1
200-09 99,200 39.6
8485 80,800 33.9
1651 101,700 36.7
Type of Change Change
Graphite in Density in Weight
(%) (%)
FG 4.8 -2.7
280 -0.7 -2.9
92 -1.1 -3.3
200-09 -0.6 -3.1
8485 -0.9 -2.9
1651 4.8 -3.2
B. Final Study
Type of Ultimate Decrease
Graphite Strength in Length
(psi) (%)
FG
1651
92
280
Type of
Graphite
FG
1651
92
280
specimens
F /min.
103,800
107,000
128,800
127,900
Change
in Density
(%)
4.9
5.0
-1.0
-1.0
39.1
38.6
43.7
43.9
Change
in Weight
(%)
-2.9
-2.9
-3.6
-3.3
Yield
Strength
(psi)
43,100
38,300
41,700
40,000
40,400
43,800
Change
in Length
(%)
-2.6
-0.7
-1.2
-1.1
-0.8
-2.7
Yield
Strength
(psi)
43,200
44,700
46,700
46,000
Change
in Length
(%)
-2.8
-2.6
-1.2
-1.1
Transverse
Breaking
Load
(lbs.)
1620
1320
1400
1390
1035
1710
Sintered
Density
(gm/ce)
4.77
4.56
4.61
4.61
4.57
4.78
Transverse
Breaking
Load
(lbs.)
1490
1460
1770
1680
Sintered
Density
(gm/cc)
4.74
4.77
4.81
4.84
were cooled in the cold zone at 180
The effects of the initial treatment are given in
Table 8-A. It can be seen that two types, FG and
1651, show increases in density while the remaining
types show a decrease. This is due to the greater
decrease in length obtained with these fine graph-
ites. It was impossible to pick an outstanding
graphite because of the variations in sintered densi-
ties obtained. However, of the specimens with
densities of approximately 4.60 gm/cc (Types 280,
92, 200-09, and 8485), it was seen that type 8485
had definitely inferior properties and was therefore
discarded. Since similar properties were obtained
from Types 92 and 200-09, only one Type, 92, was
employed in further studies.
A second run (Table 8-B) was made at constant
density with the reduced number of graphites. Be-
cause of their excessive dimensional changes, Types
FG and 1651 were discarded. This resulted in
Types 92 and 280 being the graphites which pro-
duced the best properties in specimens of similar
densities under conditions of limited dimensional
changes. From these two, Type 92 was chosen to
be used throughout the remainder of the investiga-
tion.
In comparing the methods of carbon additions,
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pack carburizing was omitted since there is no prac-
tical way of obtaining the desirable uniform carbon
content by this process.
Since the gas carburized specimens of various
carbon contents were available, the method of com-
parison was to produce similar specimens with
equivalent carbon contents by means of graphite
additions. Some difficulties were encountered which
should be noted in comparing the data in Table 9.
First, since the gas carburizing treatments were not
carried out in this laboratory, there was no method
of exactly duplicating the specimen's cooling rate.
Second, the task of exactly duplicating carbon con-
tents was difficult as a result of the month's delay
necessary to obtain exact analyses. This resulted in
graphite-addition specimens with a range of carbon
contents that were higher than the corresponding
gas carburized specimens. Some deviations in
sintered densities which must be considered in
comparing properties existed in the intermediate
carbon specimens. The specimens containing 0.5%
MoO were also included in this series. They will
be discussed more fully in a later section.
As shown in Table 9, a comparison of the prop-
erties on the basis of similar carbon contents shows
that the gas carburized specimens have lower yield
strengths with higher ductilities than the specimens
Table 9
Comparison of Effects of Methods of Carbon Addition with Gas
Carburizing Atmosphere (G.C.) and Graphite Additions (G.A.)
Using Type 92 Graphite
Heat Treatment MoOs
(%)
High Carbon Specimens
A. G.C. 3 hr. at 21000
F. (0.60% C)* 0.0
B. Same as A,
austenitized at
16000 F., air
cooled. 0.0
C. 3 hr. at21000 F.,
G.A. of
1.4% (0.73% C) 0.0
D. Same as C,
austenitized at
16000 F., air
cooled. 0.0
E. Same as A 0.5
F. Same as B 0.5
G. 3 hr. at 21000 F.,
G.A. of 1.5%
(0.64% C) 0.5
Medium Carbon Specimens
H. G.C. 3 hr. at 21000
F. (0.47% C) 0.0
I. Same as H,
austenitized at
16000 F., air
cooled. 0.0
J. 3 hr. at 21000 F.,
G.A. of 1.2%
(0.61% C) 0.0
K. Same as J,
austenitized at
16000 F., air
cooled. 0.0
L. Same as H 0.5
M. Same as K 0.5
N. 3 hr. at 2100° F.,
G.A. of 1.3%
(0.58% C) 0.5
Low Carbon Specimens
0. G.C. 3 hr. at 21000
F. (0.16% C)* 0.0
P. 3 hr. at 2100° F.,
G.A. of 0.0%
(0.44% C) 0.0
Q. G.C. 3 hr. at 21000
F. (0.20% C) 0.5
R. 3 hr. at 2100o F.,
G.A. of 0.0% 0.5
S. 1 hr. at 20500 F.,
G.A. of 0.0% 0.0
T. 3 hr. at 21000 F.,
G.A. of 1.0%
(0.44%C) 0.0
U. Same as T,
austenitized at
16000 F., air
cooled. 0.0
-A-^ -
No
4.61 failure
96,300
100,000
108,800
No
failure
.... 12,500
46.8 30,400
54.0 18,800
44.2 39,200
.... 21,000
4.65 84,600 41.1 30,000
4.67 95,000 46.8 29,600
Carbon analysis of sintered specimens in parentheses.
prepared from a powder mix containing graphite.
This comparison can be made from a graph which
plots yield strength versus ductility (Figure 26).
The range of carbon compositions is higher for
the graphite-addition specimens than for the gas
carburized specimens and, as a result, the former
could be expected to show higher yield strengths
and lower ductilities. However, the more rapid
cooling rate of the graphite-addition specimens
results in a further increase in the yield strength
and decrease in ductility.
A comparison was then made on the basis of
Sintered Ultimate Decrease Yield
Density Strength in Length Strength
(gm/ce) (psi) (%) (psi)
4.70 87,500 45.8 24,400
4.70 80,600 39.5 30,000
4.70 112,500 40.7 46,700
4.65 87,100 38.3 46,700
4.70 78,800 35.1 34,400
4.75 89,400 39.6 36,300
4.70 130,700 41.1 53,100
4.68 87,500 50.6 22,500
4.65 80,600 43.4 25,600
4.62 97,900 38.6 41,700
4.67 88,300 41.3 32,900
4.74 86,600 44.5 27,900
4.73 81,300 39.1 30,600
4.64 110,800 40.7 44,200
IV. RESULTS AND DISCUSSION
equivalent cooling rates (both sets of specimens
austenitized at 16000 F. and cooled in pots at 50
F°/min). These results are plotted in Figure 26,
where it is seen that over a range of carbon con-
tents (and therefore ductilities), the specimens
produced by means of graphite additions have
superior properties. No graphite-addition specimen
could be made with a very low carbon content as a
result of the carburizing action of the graphite boat.
The high properties obtained with graphite
additions are the result of the more uniform distri-
bution of carbon. This would be expected since the
fine graphite is present uniformly throughout the
green compacts and only has short paths of diffu-
sion. On the other hand, the carburizing gas is
present only in the continuous pores, which clearly
do not connect every particle with the same uni-
formity. Another difficulty with the carburizing
gas is the problem of non-uniform flow, which re-
sults in the build up of a high carbon case at one
end of the specimen. While this set of treatments
was carried out for 3 hours at 21000 F., shorter
diffusion times would favor the graphite additions
even more. The graphite-addition specimens, which
are essentially uniform, are unchanged with treat-
ments as short as 12 hour.
F. RE-EVALUATION OF TREATMENTS USING
GRAPHITE-ADDITION SPECIMENS
1. Study of Effect of Amount of Carbon
This phase of the study was carried out by add-
ing varying amounts of Type 92 graphite to the
iron-sterotex powder mix and compacting to a green
density which would result in a given sintered den-
sity of 4.50 gm/cc. The sintering treatment was
held constant at 11 hours* at 20500 F., with the
specimen protected from the hydrogen atmosphere
by a graphite boat. The specimens were cooled in
the cold zone at a rate of 180 F°/min. Results ob-
tained are plotted in Figure 27. It was later found
that a residual level of carbon was present in the
specimens as a result of the action of the graphite
boat. The constant carbon content obtained with
varying additions of graphite below 1.0% indicates
that the action of the added graphite varies mark-
edly from the action of the boat atmosphere.
The graphite had the greatest effect in reducing
the residual oxide films and particles present as a
result of the intimate relation between it and the
metal powders. Therefore, up to additions of ap-
* % hour at temperature.
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Figure 27. Effect of graphite addition on 7/2-inch diameter
specimens sintered 1'/4 hours at 20500 F., cooled in cold zone
proximately 1.0%, its effect is to reduce the oxide
content of the powder as previously discussed. On
the other hand, the reaction of the atmosphere with
the graphite boat will result in a mildly carburizing
gas which will prevent the carbon content of the
specimen from going below a given value. Thus
below the level of graphite addition necessary to
remove residual oxides, the carbon contents of the
specimens are essentially the same and depend upon
the carbon potential of the atmosphere produced in
the boat.
The effect of the amount of carbon present on
the properties was generally as expected. In the low
carbon region a large increase in yield strength was
obtained with an increase in carbon content. In the
high carbon region a leveling out of the yield
strength was observed where the structure was
almost completely pearlitic. Ductility operates
essentially in an inverse manner, with the same
leveling out being observed for pearlitic materials.
An explanation of the variation in the ultimate
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Figure 28. Effect of sintered density on '/2 -inch diameter specimens
containing 7.8% graphite (0.85% C after sintering), sintered
11/4 hours at 20500 F., cooled in cold zone
strength is the same as discussed previously. The
ultimate strength is not an exact measure of the
point of failure but varies from this point in a man-
ner influenced by the ductility of the specimen.
2. Study of the Effect of Porosity
As previously seen, the density of a specimen
determines to a large extent the properties of the
specimen. Although heat treatments and chemistry
are also important, marked improvements in
strength and ductility can be obtained with a slight
increase in the density without necessitating more
complicated heat treatments. With this in mind,
the effect of sintered density was studied with
specimens made from iron-graphite mixes. The heat
treatment was kept constant and was the same as
used in the carbon study above.
Two different carbon contents were studied:
0.85% and 0.23%, the former obtained by addition
of 1.8% Type 92 graphite and the latter by car-
burizing action of the graphite boat. The approxi-
mately eutectoid specimens (0.85% C) obtained
with the 1.8% additions show the increased proper-
ties which are produced by the increased density
(Figure 28).
Sintered density, gm per cc
Figure 29. Effect of density of /2-inch diameter specimens
without graphite additions sintered 1 /4 hours at 20500 F.
The results from the 0.23% C specimens are
quite different and of great importance. In trying
to duplicate properties obtained from gas carbu-
rized specimens heat treated at Frankford Arsenal,
one of the measures of ductility was the existence
of a failure point (ultimate strength) or lack of one.
However, in the study of controlled decarburization
it was found that the differentiation between a
specimen which showed an ultimate strength and
one which continued to resist the load was quite
nebulous. This same effect was obtained in these
data (Figure 29), where the existence of an ultimate
strength is a function of the density of the speci-
men. Between a density of 4.60 and 4.70 gm/cc the
mode of failure shifts from one which exhibits an
ultimate strength to one which shows no decrease
in load with continued loading. This illustrates the
shortcoming of the ultimate strength in compres-
sion as a specified characteristic of the specimens.
3. Study of the Effect of Heat Treatment
Probably the simplest way to improve the sin-
terings would be to increase the length of the stand-
ard treatment (11/ hours at 2050° F.). This
variable was studied for both 1.5% and 1.8%
graphite additions with the results obtained given
in Table 10A.
Another variable is of course the temperature of
sintering, although due to furnace limitations this
variable cannot be studied over as wide a range.
Table 10B gives the results of some work for 1.8%
graphite specimens.
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Table 10
Effect of Sintering Treatment on the Properties of Graphite-Addition
Specimens Sintered in Graphite Boat and Zone Cooled
A. Effect of Time at 20500 F.
Graphite Time Sintered Ultimate Decrease
Addition in Furnace Density Strength in Length
(%) (hours) (gm/cc) (psi) (%)
1.5 1% 4.51 63,800 31.6
(0.64% C)* 2 4.53 80,700 32.9
3Y 4.55 99,500 35.4
6% 4.62 121,800 41.8
1.8 1% 4.49 69,600 26.2
(0.85% C)* 2 4.50 83,800 29.3
3% 4.50 88,300 31.6
6% 4.50 108,600 38.8
B. Effect of Temperature for 1% hr.
Graphite Temper- Sintered Ultimate Decrease
Addition ature Density Strength in Length
(%) of Furnace (gm/cc) (psi) (%)
1.8 2000 F. 4.49 67,500 25.8
(0.85% C)* 2050° F. 4.49 69,600 26.2
21000 F. 4.48 72,500 26.8
* Carbon analysis after sintering.
Yield
Strength
(psi)
34,400
39,100
44,200
47,100
43,800
47,100
49,600
54,500
Yield
Strength
(psi)
42,400
43,800
46,700
During some of the initial work of this investi-
gation, it was found that in general the best com-
bination of ductility and strength was obtained
with relatively few heat treatments. These treat-
ments were as follows: 1) austenitized at 16000 F.,
water quenched, and tempered at 900° F., 2) aus-
tenitized at 16000 F., water quenched, and tempered
at 1200° F., 3) air cooled from 1600° F. at 50 F°/
min, and 4) air cooled from 1600° F. at 180 F°/
min. Table 11 lists the resulting properties for
1.8% graphite (0.85% C) additions.
As was previously seen, 1600° F. was used for
the austenitizing treatment of pack carburized
specimens because these specimens had large carbon
gradients. Because the graphite-addition specimens
had essentially uniform carbon contents (0.85% C),
a lower temperature austenitizing treatment was
thought justified. Specimens E and F (Table 11)
were therefore austenitized at 1400° F. Specimen
E, tempered at 900° F., showed a lower ductility,
Table 11
Effect of Heat Treatment on the Properties of 1/2-inch Diameter
Graphite-Addition Specimens
Initial Heat Treatment: 1.8% graphite added (0.85% C),* specimens sin-
tered 1Y4 hr. at 20500 F.
Heat Treatment Sintered Ultimate Decrease Yield
Density Strength in Length Strength
gm/cc (psi) (%) (psi)
A. Austenitized at 16000 F.,
water quenched,
tempered at 9000 F. 4.52 60,000
B. Austenitized at 16000 F.,
water quenched,
tempered at 12000 F.
C. Austenitized at 16000 F.,
air cooled.
D. Austenitized at 16000 F.,
Jominy cooled.
57,900
56,700
69,600
E. Austenitized at 14000 F.,
water quenched,
tempered at 900° F. 4.51 55,000
F. Austenitized at 14000 F.,
water quenched,
tempered at 12000 F. 4.52 67,500
* Carbon analysis after initial heat treatment.
18.8 47,100
29.8 32,500
26.2 33,800
26.2 43,800
13.9 46,700
36.3 30,800
which was found to be the result of carbides which
were not taken into solution, even though the time
at temperature was increased four-fold over that
of the higher temperature treatment. Specimen F,
however, tempered at 12000 F., showed an increased
ductility as a result of the coarse carbide distribu-
tion (which results from the incomplete solution of
the carbides). On the basis of these results it
seemed obvious that the 16000 F. austenitizing
treatment was to be preferred because of the much
shorter times required and the improved properties
obtained in general.
These results constitute some of the most favor-
able properties consistent with time, temperature,
density limitations, and iron-carbon matrices. Fur-
ther evaluations and comparisons will be made in
the conclusion.
4. Study of the Effect of MoO3 Additions
It was difficult to keep all variables constant in
the specimens containing MoO3 additions, except
for the MoO, itself. This was the result of the
possible multiple effects of the molybdenum, i.e.,
to increase the hardenability of the matrix, to in-
crease the strength of the matrix through alloying,
to change the nature of the pearlite formation,
and to affect the tempering characteristics of the
fully hardened matrix. In the end, the carbon
content and density of the specimens being com-
pared were kept constant, and the differences in
properties which resulted from the same heat treat-
ments were studied.
In comparing the results of molybdenum-
containing specimens (Table 12) with those for
similar specimens containing no molybdenum
(Table 11), it is seen that molybdenum raises the
yield strength of the specimens at the expense of
Table 12
Effect of MoOs Additions on the Properties of 1/ 2 -inch Diameter
Graphite-Addition Specimens (0.5% MoOo and 1.9%
Type 92 Graphite Used in All Specimens)
Heat Treatment Sintered
Density(em/ce)
4.51
A. 14 hr. at 20500 F.,
cooled in cold zone.
B. 1% hr. at 2100° F.,
cooled in cold zone.
C. 1 hr. at 20500 F.,
then austenitized at
16000 F., air cooled.
D. 1 hr. at 20500 F., then
austenitized at 16000 F.,
water quenched, tem-
pered at 900° F.
E. 1 hr. at 20500 F., then
austenitized at 16000 F.,
water quenched, tem-
pered at 12000 F.
Ultimate
Strength
(psi)
79,200
Decrease
in Length(%)
25.5
Yield
Strength
(psi)
48,800
4.53 85,000 28.3 51,300
4.50. 60,400 26.9 36,300
4.51 57,900 10.2 55,800
4.51 55,800 22.9 38,300
BULLETIN 461. PROPERTIES OF LOW DENSITY SINTERED IRON
Table 13
Study of Effect of Method of Carbon A
on the Action of 0.5% MoOa
Heat Treatment
A. Gas carburized (G.C.) 3 hr.
at 2100 F. (0.60% C)*
B. 3 hr. at 2100° F. with
graphite addition (G.A.)
of 1.4%* (0.73% C)
C. G.C. 3 hr. at 2100° F.
(0.47% C)
D. 3 hr. at 21000 F. with G.A.
of 1.2% (0.61% C)
E. G.C. 3 hr. at 21000 F.
(0.16% C)
F. 3 hr. at 21000 F. with G.A.
of 0.0% (0.44% C)
Per Cen
Due to Add
Ultimate Dec
Strength in L
-19.0 -
16.2
1.0 -1
13.2
13.0
* Carbon analysis after heat treatment in paren
** Type 92 graphite.
their ductility. This effect, as prev
was attributed to molybdenum's effe
ing hardenability, as well as the stre
tion it has on the matrix due to its pr
solution.
One other variable in the use of M
considered. This is the method of
MoO3 and its subsequent reduction.
work with specimens, it was found t
treatment with hydrogen was necesss
the full benefits of the molybdenui
attributed to the weaker reducing a
a
So
lower temperatures present during the carburizing
Addition action. With gas carburizing, however, high tem-
t Change peratures were used, and it is now of interest to
ition of MoO3 determine whether the intimate nature of the
rease Yield
ength Strength graphite-iron-MoOs powder mixture results in a
23.4 29.1 better reducing action than the gas carburizing
under otherwise equal conditions of heat treatment.9.8 13.7
This is a rather difficult comparison to make,
12.1 154 since the variations in the method of carbon addi-
5.4 6.0 tion itself results in differences in properties under
5.0 otherwise similar conditions. The comparison is
5.6 28.9 therefore made on the basis of the per cent changes
theses. in strength and ductility which result from the addi-
tion of MoOs to a specimen when a given method
iously stated, of carbon addition is used. Such a comparison of
ct of increas- results is given in Table 13.
ngthening ac- It is seen that in general the effect of the MoO 3
esence in solid on the gas carburized specimens is to increase the
yield strength at the expense of the ductility and
oO, should be the ultimate strength. However, in the specimens
F adding the produced by graphite additions, a smaller increase
In previous in the yield strength is obtained along with an
hat an initial increase in both ductility and ultimate strength.
ary to obtain Possible factors which would lead to these results
n. This was are the more uniform reduction of the MoOs by
ction and the the graphite and/or the generation of a liquid
0 5 /0 15 20 25 30 35
Decrease in length, per cent
40 45 50 55 60
(sintered densityFigure 30. Effect of heat treatment and density on pack carburized /2-inch diameter specimens.
for upper two curves approximately 4.70 gm/cc)
-
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Figure 31. Effect of graphite,
phase due to the presence of
sintering temperature.
Decrease in length, per cent
sintering time, and sintering temperature on 1'/-inch diameter graphite-addition specimens
the graphite at this
G. SUMMARY
These discussions have dealt with the effect of
a single variable or a combination of variables on
the properties of the low density specimens. While
many heat treatments (e.g., tempering in air, and
isothermal transformations) in this investigation
resulted in properties that were obviously poor, in
other cases an evaluation was rather difficult to
make. This was due to the fact that during changes
in heat treatment or chemistry an increase in the
ductility (% decrease in length) was usually ac-
companied by a decrease in the yield strength.
Since it is impossible to select the optimum com-
bination of strength and ductility without knowing
the specific applications of the material, it is neces-
sary to determine the best heat treatment and speci-
men chemistry over a range of properties. A graph
(Figure 31) was drawn showing ductility versus
yield strength. A graph of this type results in the
data falling in a band which extends from low duc-
tilities and high yield strengths to high ductilities
and low yield strengths. This distribution of data
is the result of the variation in yield strength and
ductility with heat treatment and chemistry, in
which any attempt to increase the ductility of a
given series of specimens results in a corresponding
decrease in yield strength. As a result of this inter-
action of properties, a diagonal line can be drawn
through the points obtained with a given variation
of heat treatment, chemistry, or density. A maxi-
mum in a series of these lines corresponds to the
maximum distribution of properties that can be
obtained under the given conditions. The value
of the various treatments can now be compared by
superimposing these maximum lines on the same set
of coordinates.
Because much of the initial work was carried
out with pack carburized specimens, it was of inter-
est to first examine the distribution of properties
obtained. For the pack carburized specimens, the
best combinations of strength and ductility for a
given sintering treatment (and therefore carbon
content) were obtained with the quenched and
tempered specimens. These data, for a sintered
density of approximately 4.70 gm/cc, are given in
Figure 30. In later figures, the best properties ob-
tained by pack carburization for 6 hours at 19500 F.
are compared to the properties obtained by other
methods of carbon additions. Included in Figure 30
is a curve showing the effect of 0.5% MoO 3 addi-
tions on the quenched and tempered specimens.
The specimens containing MoO, are seen to have
superior properties, and although they have had
an additional treatment of 3 hours at 21000 F., it
has previously been shown that the non-molyb-
denum specimens given the same heat treatments
have properties inferior to those containing molyb-
denum. In the region of higher ductilities (speci-
mens tempered at 12000 F.) equivalent ductility-
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0.5 % MoO3 sintered 3 hours
at 2/OOF, pock carburized
6 hours at 1950 F and water
quenched, from Fig. 30
Curve B - pock carburized 6 hours at
1950F, water quenched, and
tempered over a range of
temperatures, from Fig. 30
Curve C - Effect of time, .8 % graphite
added, sintered various periods
at 2050F, and zone cooled,
from Fig. 3/
Effect of gas corburization:
Curve D - on specimens sintered 3 hours
at 2050F, austenitized at 1600F,
and air cooled, from Fig. 26
(The,,~ p
Effect of graphite additions:
Curve F - on specimens sintered 3 hours
at 2050F oustenifized at 1600F
and air cooled, from Fig. 26
Curve G - on specimens sintered / //4
hours at 2050F, and zone
cooled, from Fig. 3/
S u 10 20 25 30 35 40 45 50 55 60
Decrease in length, per cent
Figure 32. Comparison of best pack carburized, gas carburized and graphite-addition specimens
yield strength combinations were obtained as
previously shown (Table 2) by the much simpler
treatment of air cooling.
The effect of density on the pack carburized
specimens is also seen in Figure 30, where an in-
crease in both strength and ductility are obtained
as the density is increased. As has been pointed out
previously, density is a very important variable by
which the properties of the specimens can be easily
modified.
The effect of the amount of carbon added by
means of graphite additions on specimens sintered
11/4 hours at 20500 F. and cooled in the cold zone
of the furnace can be seen in Figure 31. Cooling
in the cold zone produced properties superior to
those obtained with any additional heat treatment.
It was previously seen (Figure 26) that graphite
additions produced better properties than gas car-
burization. From the graphite composition curve in
Figure 31, the graphite additions can be chosen to
produce the desired combination of properties. This
is in sharp contrast to the pack carburized speci-
mens, which have a carbon content affected by the
sintering treatment. As a result (under conditions
of a fixed initial sintering treatment), additional
heat treatments are required to obtain variations.
On the other hand, should the initial sintering treat-
ment be changed to obtain a different carbon con-
tent, a modification in the amount of sintering will
also result.
Figure 31 also shows the effect of sintering time
and temperature on 1.8% graphite-addition speci-
mens, which resulted in a carbon content of 0.85%
in the sintered specimens. The temperature is im-
portant but its practical range is limited by melting
on the high side, and low sintering and diffusion rates
on the low side. However, a wide variety of mechan-
ical properties can be obtained with relative ease
by varying the carbon content and sintering time.
The final comparison of the various methods of
carbon additions was made between the best prop-
erties (under practical limitations of sintering con-
ditions) obtained by gas carburization, pack
carburization, and graphite additions. This com-
parison was carried out on the basis of equivalent
densities (4.50 gm/cc) in Figure 32.
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IV. RESULTS AND DISCUSSION
The comparison of gas carburization and graph-
ite additions made previously in Figure 26 is seen
here in Curves D and F. Under the same condi-
tions of heat treatment and over a range of carbon
contents, the graphite additions give superior
strength and ductility. Although Curve E is also
a gas carburization treatment, the length of the
treatment is much longer and the carbon content is
enough lower that a direct comparison cannot be
made here. However, Curve E does show the high
ductilities that can be obtained with low carbon
contents.
The differences between the pack carburized
specimens (Curves A and B) were explained pre-
viously under Figure 30. A comparison of the pack
carburized and graphite-addition specimens is made
on the basis of no molybdenum. Although the
graphite-addition curve (Curve G) lies slightly
below Curve B (pack carburization), the sintering
times for the graphite-addition specimens are much
shorter (114 hours as compared to 6 hours). By
using Curve C, which represents the effect of sinter-
ing time on the graphite-addition specimens, it is
seen that Curve G can be shifted to values above
those of Curve B. (Curve F shows the graphite-
addition specimens at half the sintering time of
Curve B.) The sintering time necessary to increase
the value of Curve G to exceed the value of Curve
B is still less than the time of the pack carburiza-
tion treatment, to say nothing of the additional
heat treatments (quench and temper) required by
the pack carburized specimens. At approximately
equivalent sintering times (Point X on Curve C)
the graphite-addition specimen is superior to even
the molybdenum specimens, which have had the
additional treatment of 3 hours at 21000 F.
In conclusion, it was found that of the three
methods of carbon addition studied (pack carburi-
zation, gas carburization, and graphite addition),
the one which resulted in the best properties with
the simplest treatment was the graphite-addition
method. This method is especially desirable since
it is an extremely simple procedure to carry out
compared to the necessity of packing specimens
individually in a suitable carburizing compound or
the problem of generating a gas atmosphere of a
reproducible and constant carbon potential. An-
other advantage of graphite addition is the ease
with which the properties of the specimens can be
varied by changing the carbon content of the speci-
mens. With the pack carburized specimens given
a fixed sintering treatment, a variation in proper-
ties could only be obtained by varying the temper-
ing temperatures of the quenched specimens. This
necessitated additional heat treatments, and the
resulting properties were inferior to those obtained
by the simpler graphite addition. While the carbon
contents of the specimens can be varied in gas
carburization treatments, the generation and con-
trol of carbon potentials requires elaborate equip-
ment. Furthermore, the properties of these
specimens are lower than those obtained with the
graphite-addition specimens.
It should be emphasized that the properties
measured in this investigation were limited to those
determined by the compression test on low density
parts. In uses where other properties are of im-
portance, a superior rating might well be given to
gas or pack carburizing. These methods, for exam-
ple, make possible the production of a hard wear-
resistant case with a relatively tough core,
especially when fairly high compact densities are
used.
As seen in this investigation, reduced harden-
ability is a problem in porous specimens. However,
to the authors' knowledge, no one has attempted to
study the effect of porosity on the hardenability.
With the ever expanding use of porous materials
by industry, knowlege of this area would be of
great importance. In a study of this type, the effect
of MoOs could be better evaluated, as could other
additives and prealloyed powders.
Since a survey of the literature showed very
little work being carried out in the low density
region, 4.0-5.5 gm/cc, the results of such an investi-
gation would be of further value if they were con-
verted into a tensile property study. The initial
work in this area requires such a large number of
specimens that the longer times required in prepara-
tion and testing of tensile specimens can only be
justified after a study of the many variables has
been completed. Since such an investigation was
the function of this work, the way is now clear for
some tensile studies.
The graphite-addition specimens in this investi-
gation were sintered in a graphite boat to eliminate
the decarburizing action of a hydrogen atmosphere.
However, this limits the sintering treatment to a
batch type process and produces a residual level of
carbon in the specimens. It would be desirable to
study the effects of sintering under neutral atmos-
pheres, thus eliminating the problems associated
with the carburizing action of the boat.
V. CONCLUSIONS
1. This investigation involved three methods of
obtaining a variation of the carbon content of iron-
base powder compacts, namely gas carburizing and
pack carburizing of compacted iron specimens, and
the addition of graphite to the iron powder prior to
compaction. Compression tests on %- and ý1-inch
diameter specimens indicated superior combinations
of ductility (per cent decrease in length prior to
fracture) and compressive yield strength were ob-
tained with the graphite-addition method. The
advantages of this method appear to be due to a
greater uniformity of carbon content as well as a
more effective reduction of iron oxides.
2. The addition of graphite to an iron powder
mix appears to be the simplest method of obtaining
a variety of carbon contents with a minimum com-
positional gradient.
3. Tests with various types of graphite verified
the fact that the type of graphite added to the
iron powder may have an appreciable effect on the
compression properties of sintered compacts made
from the powder.
4. MoO, may be added to an iron-base powder
mix so as to be subsequently reduced to molyb-
denum during sintering, and contribute to both
hardenability and strength. From the standpoint of
compression properties it appears that the MoO,
content should not exceed 1% of the powder mix.
5. As might be expected, the compression prop-
erties of the iron-base compacts are markedly im-
proved by increases in density, and therefore this
factor must be considered whenever any compari-
sons are made.
6. The ratio of continuous porosity to total
porosity was independent of heat treatment for a
given total porosity, but did decrease with a reduc-
tion of the total porosity. It appears that with a
greater density there is a tendency for some of the
pores to be sealed.
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